In the present paper mechanisms exploiting hydrodynamic instability of a laminar baseflow in order to control the size of a separation bubble are investigated in detail by means of 2D and 3D direct numerical simulations (DNS). An actuator introduces low amplitude TollmienSchlichting like boundary-layer disturbances into the flow upstream of the bubble, which become amplified and trigger early laminar-turbulent transition of the separated shear flow. In addition to a sinusoidal disturbance type, unsteady signals of shear-stress sensors downstream of the separation bubble are used as feedback input to the actuator. Within these simulations an easy to implement separation-bubble criterion to detect a region of separated flow based on shear stress sensors is used.
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Introduction
S
EPARATION occurs in laminar boundary-layers at low Reynolds numbers due to the presence of strong adverse pressure gradients (APG). Boundarylayer disturbances become amplified by several orders of magnitude in the separated flow which leads to laminar-turbulent transition and re-attachment of the now turbulent flow, thus forming a laminar separation bubble (LSB). In the area of reverse flow in between separation and re-attachment the skin-friction is considerably lowered, but the LSB influences the pressure distribution of the whole airfoil and causes a thick wake resulting in an undesired overall drag increase. To maintain drag characteristics of an airfoil at low Reynolds numbers, the formation of LSBs has to be avoided.
For this purpose drag reduction of low Reynolds number airfoils like airfoils with natural laminar flow of sail planes, wind energy turbine blades, or high lift devices like slats on commercial aircraft has to focus on reducing the size of the LSB while keeping the laminar trajectory of the flow as long as possible to avoid the generation of an additional drag penalty. Existing systems to avoid the formation of LSBs can generally be divided into "passive" or "active" systems, where "active" means that external energy has to be provided to influence the LSB either electrically or mechanically. Most of the mechanisms involve the generation of artificial turbulence in the laminar regime of the flow upstream of the separation. The momentum-rich turbulent flow is able to overcome the APG without separating. The often-used passive turbulators apply zig-zag or dimple tape mounted on the surface of the airfoil, but other designs have been used as well.
1 Less frequently used active devices use constant blowing of air through holes in the surface of the airfoil to generate large amplitude streamwise vortices. For these kinds of active devices a complicated system to provide the necessary bleed air has to be installed. All uncontrolled systems have in common that they have to be developed for an optimum design point and therefore can not capture off-design conditions, like speed tasks of sail planes optimized for thermal flights. Active blowing devices can be switched off at off-design conditions, but nevertheless additional disturbances are generated by secondary flow through the holes caused by pressure gradients along the airfoil.
More advanced active systems generate oscillations to control separation by either applying periodic suction and blowing via synthetic jets or use piezoelectric actuators 2, 3 like MEMS or aerodynamic flow control (AFC). Those devices have been used successfully to control laminar and turbulent separation. Another approach to active control is to periodically deform the otherwise smooth top surface layer of the airfoil. Applied to laminar flow, which is very sensitive to surface roughness, those systems do not induce additional drag when switched off. As a drawback, these systems only provide very small deformation amplitudes, in order be low energy consuming, and imply electric driving and control devices. Moreover, a complex integrated sensor, controller and actuator system becomes desirable to make any external interference with the system by the pilot redundant. As a further constraint, most of the active turbulators have to be thin layered to fit into the limited space available on an airfoil besides the required supporting structural components.
Surface-bound active devices can generate high frequency perturbations. Sinha 4 suggests a system using active flexible wall (AFW) transducers, to control separated flow from the vicinity of the separation by so called micro-flexural wall vibrations combining sensors and actuators. The mechanism, which is investigated numerically in detail in the present paper applies to laminar flow only and involves the generation of Tollmien-Schlichting-like boundary-layer disturbances. Due to hydrodynamic instability of the separation-bubble flow, these boundary-layer disturbances become strongly amplified and this leads to laminar-turbulent transition despite the low initial disturbance amplitude. By introducing those boundarylayer perturbations at a disturbance strip upstream of the separation, transition can be triggered and therefore the size of the LSB be influenced.
In order to evaluate control methods using different disturbance forms and their impact on the size of a mid-chord LSB, 2D and 3D laminar separation-bubble flows are investigated in detail by means of direct numerical simulations (DNS).
Numerical Model
To study laminar separation bubbles, spatial DNS of a flat-plate boundary layer with a 2D baseflow are performed. An APG is applied locally at a certain distance from the inflow at the free-stream boundary to force separation. The code used for the present DNS has been used in different research programs for the investigation of transitional boundary layers with or without separation.
5-7 Fig. 1 shows a sketch of the rectangular integration domain. 
The complete Navier-Stokes equations for incompressible flows are solved in a vorticity-velocity formulation (6) .
with v = {u, v, w} and ω = −∇ × v
Once the vorticity-transport equations are solved the remaining velocity components can be computed from three Poisson equations (8, 9, 10) .
These equations have been derived from the vorticity definition (7) and the continuity equation (11).
In order to get high-quality results from the simulation the correct computation of the vorticity at the wall becomes crucial. For the calculation of the three vorticity components at y = 0 the following three equations (12, 13, 14) are solved.
A 4 th -order accurate numerical method is applied in time and space by finite differences in streamwise and wall-normal direction and by a four-step explicit Runge-Kutta scheme in time. For the spanwise direction a spectral ansatz (15) implying periodic boundary conditions is used.
Due to this spectral ansatz, the Poisson equations for the streamwise and spanwise velocities reduce to ordinary differential equations. The remaining Poisson (9) for the wall-normal velocity is solved by a line-relaxation method accelerated by a non-linear multigrid algorithm. All Poisson equations can be solved separately for each spanwise spectral mode k allowing effective parallelization on shared memory computers using OpenMP. At the inflow boundary, a Blasius boundary-layer similarity solution with a momentum thickness Reynolds number Re δ1 = 1722 is prescribed. Considering the distance from the leading edge of the flat plate and a Blasius boundarylayer, this corresponds to an inflow Reynolds number Re x0 = 1.001 · 10
6 . To avoid non-physical reflections at the outflow boundary, the disturbance amplitudes are artificially damped in a buffer domain 8 by several orders of magnitude.
The inviscid flow at the free-stream upper boundary is decelerated by 10% ofû ∞ as shown in fig. 2 . The displacement effects of the LSB on the potential flow are captured by a viscous-inviscid boundary-layer interaction model 7, 9 at every timestep of the calculation. From the interaction model the characteristic "pressure plateau" in the u-velocity distribution develops with a constant velocity in the upstream part of the separation bubble and a sharp velocity drop in the region of the transition and re-attachment. A noslip boundary condition is applied at the surface of the plate. At the disturbance strip, arbitrary 2D and 3D boundary-layer disturbances can be introduced into the flow by suction and blowing at the wall upstream of the LSB. The streamwise length of the disturbance strip has been set to one wavelength λ x of the most amplified disturbance mode according to linear stability theory (LST) 10 and the beginning is located two wavelengths λ x downstream of the inflow.
For the total streamwise length of the integration domain 18.41 wavelengths λ x have been used. The height corresponds to 16 boundary-layer displacement thicknesses δ 1 at the inflow.
Disturbance Development
To successfully control the size of a LSB via the adjustment of the transition location, knowledge of the influence of different parameters of the boundary-layer disturbances on the separation bubble is required. This includes insight into the stability mechanisms of the base flow and into the resulting amplification or damping effect on boundary-layer disturbances. As a constraint, these properties have to be used to minimize the necessary kinetic energy to be introduced into the flow by the actuator. For these investigations, a mid-chord bubble case described in much detail by Rist 11 is used.
Earlier 2D investigations using DNS and linear stability theory 5, 12 have already successfully influenced separation bubbles with pure 2D disturbances. Considering the fact that 3D steady disturbances can be generated much easier in practice, the development of steady 3D and weakly oblique unsteady 3D disturbances have been studied. The unsteady 3D disturbance modes have been compared to the pure 2D disturbance ones as well (which are very difficult to generate in real flow), whether they have a comparable effect on the size of the bubble.
Primary parameters for the specification of 3D disturbances are amplitude v 0 , frequency β and their streamwise and spanwise wavenumbers α and γ, respectively. The results show a different behavior of the LSB with respect to steady and unsteady disturbances. Fig. 3 compares amplification curves of the disturbance velocity u versus x for different 2D and 3D spectral modes in logarithmic scale. The position of the disturbance strip as well as the points of separation 'S' and re-attachment 'R' are marked.
Steady 3D Case
In the first case a steady 3D disturbance mode (0,1) (bold dash-dot-dotted line with squares in fig. 3(a) ) is excited at the disturbance strip with a wall-normal amplitude of v (0,1) = 10 −3 . Further on, this case will be referred to as the "steady case". In the notation (h,k) the index h denotes harmonic modes with multiples of the fundamental frequency β (eqn. 2), while k means spectral modes of the spanwise wavenumber γ (eqn. 15). Thus (0,1) stands for a steady 3D disturbance with a spanwise wavelength λ z = 0.419. Advancing in downstream direction, the disturbance amplitude of mode (0,1) is weakly damped at first and then weakly amplified far into the bubble. Only at x ≈ 14.2 does it grow close to the point of non-linear saturation which marks the point of transition in this 1) is generated by nonlinear interaction of the (1,0) and (0,1) modes continuously and finally reaches the amplitude of the 3D steady mode also. The whole scenario is dominated by unsteady 2D effects and three dimensionality plays only a minor role. Fig. 4(a) shows the 3D modulation of the separation stream surface Ψ 0 with the spanwise wavelength of mode (0,1), as marked by λ z,(0,1) , of the otherwise 2D LSB. The separation stream surface Ψ 0 is defined as the value of the y-coordinate where the stream function Ψ = Ψ (x, y, z) becomes zero.
Purely Oblique Unsteady 3D Case
In a second scenario, a pair of oblique (10 • ) unsteady modes [(1,1) and its symmetric counterpart (1,-1)], shown as a bold solid line with squares in fig. 3(b) , is introduced into the same base flow as before. This case will be referred to as the "oblique unsteady case". The initial disturbance amplitude of mode (1,1) has been set to v (1,1) = 10 −5 at the wall. Fig. 3(b) shows the disturbance development in this second case. Again an unsteady 2D background disturbance (1,0) (solid line) is also present with the same initial amplitude as before.
In contrast to the first case, the wall-forced unsteady Tollmien-Schlichting mode (1,1) is strongly amplified and continues to be the most dominant mode. Although equally amplified, the 2D mode (1,0) stays below the oblique one due to the lower initial amplitude. For verification purposes, the development of the 2D mode (1,0) is compared to linear stability theory. Due to its very low amplitude, always at least 50% lower than the amplitude of mode (1,1), the mode shows very good agreement with the theory even inside the LSB up to the point where the amplitude finally saturates. Because of the strong amplification of mode (1,1), non-linear stages of the disturbance development (≈ 1%û ∞ ) are reached somewhat further upstream than in the "steady case" at x = 14.0. The point of laminar-turbulent transition, and thus the reattachment, is shifted upstream likewise. Fig. 4(b) emphasizes the difference to the "steady case" by the separation stream surface Ψ 0 . Compared to the large one in Fig. 4(a) the LSB is much shorter, of lower height and only slightly modulated in spanwise direction. Additional simulations show that the bubble vanishes totally at an initial disturbance level of v (1,1) = 10 −3 .
Comparison
The difference in size of the bubble can also be compared by the time and spanwise averaged separation streamlines Ψ 0 in fig. 5 . is present in the flow. In the "steady case" (dashed line) the shape and size of the bubble merely differs from the undisturbed case, whereas in the "oblique unsteady case" (bold dash-dotted line) the height is only 72% and the length only 76% of the undisturbed bubble. This is valid despite the fact that the initial disturbance amplitude of the (0,1)-mode in the "steady case" is a hundred times larger than the amplitude of the (1,1)-mode in the "oblique unsteady case". This clearly shows the superiority of control scenarios using unsteady 2D 5 or weakly oblique 3D boundary layer disturbances compared to steady ones.
In fig. 6 , two different amplification diagrams have been obtained from linear stability theory, where small disturbances are represented by (eqn. 16) with complex streamwise wavenumbers α and frequencies β (eqn. 17), and real spanwise wavenumbers γ.
u (x, y, t) = U (y) · e i(αx+γz−βt) (16) with α = α r + iα i and β = β r + iβ i
Negative α i denote exponential spatial amplification, accordingly. Here the amplification rates are shown versus spanwise wavenumber γ and frequency β at a certain streamwise position x.
In both figures the region of maximum spatial amplification is located close to γ = 0, i.e. 2D flow. For higher spanwise wavenumbers, the amplification is reduced, whereas the region of amplified disturbance modes broadens when the LSB is approached in streamwise direction. Spanwise wavenumber γ = 15 means 45
• angle of obliqueness. This underlines that 2D and weakly 3D disturbance scenarios are more effective not only compared to steady ones, but also compared to scenarios using disturbance modes with higher angles of obliqueness.
Skin-Friction Signal Feedback
The above results show the advantages of using unsteady 2D or 3D disturbances rather than steady disturbances. In order to provide the necessary unsteady disturbance amplitude, the system can be extended by a signal feedback mechanism, where instantaneous amplitude signals of the skin-friction downstream of the disturbance strip provide unsteady input to the actuator. 
The feedback mechanism as applied in the simulation is sketched in fig. 7 and can be described by equation (18), where instantaneous skin-friction data from a previous timestep l − 1 at a certain streamwise position x n is used as the forcing amplitude signal v 0 at the disturbance strip of the current timestep l. Due to the above mentioned fact that 2D or weakly 3D disturbances are most effective in influencing the LSB, 2D DNS have been performed to investigate the properties of the suggested feedback mechanism. To gain the desired amplitude level, the amplitude is multiplied by an arbitrary factor C v , which can also be set automatically by a controller according to a detected length of a separation bubble. As a broad spectrum of disturbance frequencies becomes desirable, data from the quasi turbulent flow downstream of the re-attachment can be used. Initially, the flow has been disturbed by a background perturbation of the fundamental mode (1,0) of frequency β = 5 and v (1,0) = 10 −6 for a startup period of 120 cycles (T ). Although the fundamental disturbance period becomes nonrepresentional for the time scale, the time instance will still be indicated by multiples of the time period T after the feedback mechanism has been switched on at t = 120T . For the investigation of of the feedback mechanism, the boundary-layer interaction model has not been used. Therefore, the location of the LSB in this case is shifted downstream and the bubble is of lower height compared to the "natural case" in fig. 5 . The skinfriction sensor has been placed at x n = 14.48 about 1.15 · λ x of the fundamental disturbance (1,0) downstream of the re-attachment line. After the startup phase, the signal feedback has been turned on for 80 (pseudo-)periods T . Fig. 8 shows a time-trace of the skin-friction signal at x n = 14.48 over 25T . Fig. 9 shows amplitude spectra of the skin-friction ω z,wall in logarithmic scale. A timewise Fourier analysis of the interval 160T ≤ t ≤ 200T (to avoid the capturing of any transient effects from the startup of the feedback) clearly shows the broad spectrum of frequencies present in the flow. The solid line shows the amplitude spectrum at x n = 14.48 where the sensor is located. Moreover, the first and second curve in fig. 9 show the resulting spectrum at the streamwise position x n = 11.3 (line with triangles) and x n = 12.25 Fig. 9 Frequency spectra of the skin-friction ω z,wall at three different streamwise positions (dash-dotted line) a short distance downstream of the disturbance strip but upstream of the separation. The factor C v has been set to 5 · 10 −3 . As the level of the disturbance signal at x n = 14.48 is of order 1, the chosen factor C v compares to the disturbance level in fig. 3(a) .
Amplitudes of disturbance frequencies, which are amplified or damped by the boundary-layer, can be distinguished from the two curves x n = 11.3 and x n = 12.25 in fig. 9 . The streamwise position x n = 11.3 is located only a short distance downstream of the end of the disturbance strip and therefore the curve almost represents the initial spectrum of the excited disturbance. The band of frequencies which are spatially damped or amplified in this domain can be obtained by comparing to the spectrum at x n = 12.25. The dominant frequencies are located in the band between β ≈ 2 and β ≈ 10. All other frequencies are damped. These amplified frequencies agree well with the band of frequencies which are amplified according to LST. In fig. 10 , contours of the amplification rate versus streamwise coordinate and frequency are plotted. Again, the amplified frequencies show negative amplification rates α i .
Initially, only a narrow band of frequencies upstream of the separation is amplified, but, advancing in downstream direction, it widens and the amplification increases. In the separation bubble nonlinear effects set in, which lead to an even broader band of amplified frequencies and finally to laminar-turbulent transition.
The effectiveness of the feedback mechanism can be shown by the spanwise vorticity ω z in fig. 11 . Here, contours of the instantaneous vorticity are plotted versus streamwise and wall normal coordinates at two different timesteps of the calculation. At t = 120T ( fig. 11(a) ), where only the small background disturbance is excited at the disturbance strip, a large separation bubble is present. The shape of the separation bubble is outlined by the time averaged separation Fig. 11 Comparison of the spanwise vorticity for two different amplitude levels and kinds of forcing streamline Ψ 0 . Applying the skin-friction signal feedback with the given factor C v , the transition location is shifted far upstream in fig. 11 (b) which is taken 40T later. The transition location is marked by the onset of vortex shedding, which takes place much earlier compared to fig. 11(a) . The time averaged separation streamline Ψ 0 shows no detached flow in the case, where the feedback mechanism is used. Fig. 12 provides a x-t-diagram with contours of the skin-friction ω z,wall over 30T after the disturbance generation has been switched to skin-friction signal feedback. The separation bubble emerges as a white area at the lower end of the figure, whereas the region of higher skin-friction upstream and downstream of the bubble appears dark gray or black. Five T after the feedback has been switched on, the region of strong positive skin-friction is shifted almost instantly to x = 12.5. The onset of vortex shedding, traced by oblique lines of alternating bright and dark shades, is being shifted upstream to x = 11, as well. A region of evenly distributed negative skin-friction, the LSB, is not present any more. After the new flow pattern has been established, an almost constant vortex shedding frequency sets in, despite some irregularities, e.g. in 130T ≤ t ≤ 135T due to the properties of the feedback signal (cf. fig. 8 ). This data shows that the transitional phase, where the re-attachment moves upstream, is very short once the disturbances caused by applying the feedback mechanism have been convected into the LSB.
Separation Bubble Detection
Another focus, beside the identification of optimum disturbance modes, is the identification of the bubble by a sensor system and a criterion which facilitates control of the LSB. One way to determine the length of a LSB is based on the time averaged skin-friction ω z,wall . Because of the laminar state of the flow, the separation line is easy to detect from the skin-friction whereas the re-attachment line is hidden in a region of strong gradients of ω z,wall due to the vortex shedding in the turbulent rear part of the separation bubble (cf. fig. 12.) . The difference in the amplitudes of the skinfriction makes the detection of the re-attachment even more complicated. Because of the high positive amplitudes and the only weak negative amplitudes in the vicinity of the re-attachment, the time averaged data is still dominated by the high positive amplitudes, even if positive amplitudes are equal or less frequent than the negative ones. This makes the re-attachment line very hard or impossible to determine correctly from time averaged data.
To resolve this problem, one can use histograms, which do not show the dependency on gradients or amplitude differences, of the spanwise skin-friction at discrete streamwise positions x n to derive a clearer and easy-to-implement bubble detection criterion.
13
If the number N of points with ω z,wall values less than zero exceeds the number of points with ω z,wall values larger than zero, the considered streamwise position lies within the separated region. These properties can be used to define the binary separation bubble criterion as
which becomes 1 for points located inside the bubble and 0 for all other streamwise points. Applied to the above "natural case", the "steady case" and the "oblique unsteady case", the extension of the respective LSB can be confidently determined by the above criterion (compare fig. 5 and fig. 13 ). However, a shortcoming of this easy-to-use method is that only the streamwise extent but not the height of the LSB becomes accessible for the control of the bubble. A flat separation bubble can become desirable because of the low skin-friction inside the LSB leading to reduced total drag. Nevertheless, the bubble criterion is well suited for a controller which then changes the amplitude of the disturbance input or the amplitude factor C v of the feedback input upstream, according to the criterion, and thus reduces the size of the LSB.
Conclusions
Laminar separation bubbles have been investigated by means of spatial direct numerical simulations of a flat-plate boundary-layer flow with an adverse pressure gradient applied locally. Different steady and unsteady boundary-layer disturbances were introduced at a disturbance strip upstream of the separation and their effects on the separation bubble have been studied. 2D or weakly 3D unsteady disturbances have a stronger impact on the size of the bubble than steady disturbances by utilizing the instability of the baseflow. An initial amplitude for an unsteady 2D or 3D disturbance two to three orders of magnitude less than the one for a steady disturbance is sufficient to gain the same or an even larger effect on the LSB.
Beside artificially generated disturbances, instantaneous skin-friction signals taken from a position downstream of the separation bubble can be used as amplitude input to an actuator upstream of the bubble. The broad band of frequencies in the most unstable frequency range, according to linear stability theory, provide a robust signal source for the actuator, adjustable by an arbitrary amplification factor.
The influence of different kinds of disturbances on separation bubble control can confidently be evaluated by an easy-to-implement binary separation bubble criterion based on discrete values of the skin-friction. The criterion will be used as input for an active control mechanism for separation bubble flows.
